Root segments of Convolvulus arvensis, the field bindweed, were examined with the electron microscope to make possible a description of the fine structural correlates of lateral root protrusion through cortical parenchyma. Particular attention was directed to the outermost primordium cells, derived by meristematic activity from the endodermis, and to the contiguous cortical parenchyma cells. By following the fate of the Casparian strip through numerous divisions of the endodermal cell, information has been obtained relating to the minimum contribution of the endodermis to the root primordium structure. Cortical parenchyma cells during lateral root growth are specifically degraded so that only the cell wall remains. A layer of cell wall material, representing numerous cortical parenchyma cells, accrues at the tip of the advancing root primordium. It is suggested that the intensive coated-vesicle activity along the plasmalemma of the outermost primordium cell and the appearance of the vesicle contents in the outer wall of this cell are indicative of the secretion of hydrolases which move through the wall and attack the adjacent cortical parenchyma cells.
INTRODUCTION
Cellular death is an indispensable morphogenetic tool contributing to a functionally mature organism. Developmental events involving cellular death include elaboration of digits, formation of feathers, and differentiation of xylem. In the following pages, evidence will be presented concerning the occurrence of cellular death during lateral root emergence in Convolvulus root segments.
The advantages of these root segments for investigations of lateral root emergence were apparent from earlier observations of the comparative anatomy of lateral root and endogenous bud formation (6) . The roots are readily cultured and cloned, stages in root development are easily obtained, and the results can be related to the hormonal control of organ determination in this tissue. Endogenous buds and lateral roots are initiated by a regular sequence of divisions in groups of pericycle cells centered around a protoxylem point. At early stages, all primordia appear identical at the light microscope level. As development proceeds, several striking differences appear in the organization of bud and root primordia. The clearest difference is the behavior of the endodermal layer. The endodermis at the site of the young root primordium is activated to divide and to form a covering of cells of undetermined thickness. The endodermal layer at the site of a bud primordium, on the other hand, undergoes considerable enlargement with little concomitant division. With the light microscope, cortical cells contiguous with the root primordium appear to be in various stages of collapse; such an effect on cortical cells is not evident during the development of the bud. Whereas bud protrusion results in a lens-shaped fissure extending deep into the cortex, violent rupture does not accompany root emergence. These observations suggest that the cells which are derived from the endodermis and which invest the lateral root primordium are involved in enzymatic degradation of cortical parenchyma cells. A thorough fine structure examination of the interface between the advancing lateral root meristem and the adjacent cortical parenchyma cells was conducted to obtain definitive evidence favoring root emergence by dissolution. Some speculations concerning the cellular interactions and structures involved in this process will be offered.
METHODS AND MATERIALS
Roots of Convolvulus arvensis (field bindweed) have been maintained in continuous culture for 16 years (5) . Lateral roots at various stages of development were obtained by following the procedures previously established (6) . According to these procedures, stages of lateral root formation were obtained by culturing root segments for varying periods before fixation. Thick sections of each root primordium were examined with the light microscope to precisely define the stage of development achieved. Only transverse sections of the parent root segment were studied; in sections with this orientation all root primordia appear in longitudinal view. Procedures followed in tissue preparation for electron microscope observation were the same as those used earlier with this tissue (3) . Silver sections were cut on a Servall MT-1 Ultramicrotome, stained with uranyl acetate and lead citrate, and viewed in a Siemens Elmiskop 1A at 80 kv.
RESULTS
Because both the meristematic activity in the endodermis and the collapse of cortical parenchyma cells were associated only with lateral root formation, a causal relationship between these two events was sought by a detailed cytological examination of those cells derived from the endodermis during lateral root formation. Numerous quantitative changes in cytoplasmic contents appear during the transition of mature endodermal cells from a highly vacuolate condition, in which these cells have only a thin layer of parietal cytoplasm (3), to a fully meristematic condition, in which the cells are filled with cytoplasm containing only small vacuoles. In the following section, emphasis has been placed on the Casparian strip, as a unique feature in endodermal cells, which can be used to determine the minimal contribution to the root primordium by the endodermis.
Endodermal Cell Reactivation during Lateral Root Formation
Root primordia at three stages were examined to determine the changes in the Casparian strip region of the endodermal cell wall during resumption of meristematic activity. The three stages represent early, mid, and late stages in the sequence observed.
(a) The earliest stage was that of a small root primordium in which a few divisions had occurred in the pericycle cells. No divisions were evident in the endodermal cell layer, although it is probable that the cells had divided transversely. Transverse divisions are not detectable in transverse sections. The electron micrographs are of primordia at a stage comparable to that illustrated in Fig. 1 . Fig. 4 shows the Casparian strip region during early stages of endodermal reactivation. New wall material is added to the Casparian strip region from the margins inward. As this occurs, the plasmalemma, which is thicker and more regular in the region of the Casparian strip (3), assumes the appearance and thickness characteristic of that in other regions of the cell. In Fig. 5 it is evident that new membrane is bypassing the old plasmalemma, and in Figs. 6 and 8 a small segment of membrane has been isolated within the wall (see arrow). Such membrane fragments, still associated with Casparian strips surrounded by newly formed wall, are frequently observed in later stages of lateral root formation. This process was not studied in sufficient detail to hypothesize how the membrane-wall relationship characteristic of the Casparian strip is eroded. In some cases, a discontinuity exists in the membrane (Fig. 4) . The involvement of this region of the cell in wall deposition is direct anatomical evidence that during the mitotic cycle new wall material is deposited over walls other than the newly formed cross-wall.
(b) The next stage examined was approximately that shown in Fig. 2 . Continued meristematic activity in cells derived from the pericycle has produced a larger primordium. Cell divisions have occurred in the endodermis in the radial plane. Undoubtedly, transverse divisions have also occurred so that the covering layer of cells derived from the endodermis, although still single-layered, consists of more cells. The Casparian strip is now embedded in new wall material. A section of a Casparian strip shared by two cells on the shoulder of the primordium (Fig. 6) shows that this process occurs independently in adjacent endodermal cells. IIOWARD The side of the Casparian strip with no new wall material was associated with the cell farther to the flank of the primordium. Examination of all newly formed walls during endodermal cell proliferation failed to detect regions with the properties of Casparian strips.
(c) The last stage examined is characterized by Fig. 3 . The investing mantle of cells derived from the endodermis in primordia this large is quite significant. Radial, tangential, and transverse divisions have all occurred. Casparian strips have been identified in cell walls four cells removed from the primordium surface. Fig. 7 shows the junction of three cell walls forming a small intercellular space. At some earlier time a wall apparently joined the lateral wall precisely at the Casparian strip. The extent and morphology of the Casparian strip still can be distinguished.
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THE JOURNAL OF CELL BIOLOGY VOLUME 40, 1969 FIGiRE 3 Root prinlordiumn part way through the cortical parenchyma. Wall material remaining from collapsed cortical cells is visible around the periphery of the primordium. Cells somewhat removed from the primordium appear normal in outline. X 170.
To summarize, resumption of meristematic activity by endodermal cells results in a multilayered tissue. Deposition of cell wall material in the region of the Casparian strip begins during early stages in cell reactivation. The structure of the new walls appears identical with that of the rest of the cell, in contrast to that of the Casparian strip. The specific enzymatic capabilities characterizing endodermal cells during Casparian strip formation (14) are not expressed during resumption of meristematic activity by this cell layer. The cell membrane in the region of the Casparian strip no longer exhibits the morphology it did before endodermal reactivation began.
The precise position of the Casparian band within third stage primordia varies tremendously. As the endodermal cells accommodate for the proliferation and growth of pericycle cells, elongation occurs in the tangential plane. Fig. 8 shows that this expansion occurs by flattening of the cells in the radial direction and shearing a part of the existing radial wall. Whereas the Casparian strip is normally situated in a near median position on the radial wall (3 and Fig. 1 ), it may be found very close to the outer intercellular space where the radial wall diverges. The radial cell wall shared by the two adjacent endodermal cells is irregularly cleaved with approximately half the wall retained by each cell. Fibrous wall material is evident in the space generated by the shearing process. A further example of this trend is shown in Fig. 9 . The schism apparently continued into the Casparian strip. Expansion of the wall in this region occurred, but the Casparian strip was incapable of expanding and was ultimately broken into three parts by partial bisection followed by transverse breaking. New wall material was deposited between the portions of the Casparian strip during continued cell expansion. The extra wall material in the intercellular space comes from degraded cortical parenchyma cells.
Fine Structure qf Cortical Cell Collapse
Electron micrographs of the cortex-primordium interface in root primordia of the third size class (Fig. 3) quickly revealed the over-all events in cortical cell degradation. Stages of cell degradation were displayed varying from complete cell degradation at the interface to highly contorted, partially degraded cells somewhat removed from the primordium. Fig. 13 , pockets of cytoplasm from several collapsed cells still remain. Ribosomes persist even when practically all the cytoplasm is gone. Membrane components of the cells are modified. In the small pocket of cytoplasm remaining in the innermost cell illustrated, two rows of ribosomes are aligned as though on endoplasmic reticulum, yet there is little trace of membrane. Whereas the plasmalemma is easily distinguished in the outermost cell, it is more difficult to distinguish the plasmalemma in more centrally located cells.
No serious attempt has been made to follow later stages of lateral root emergence. The rate of emergence increases as the root primordium increases in size. Basal cells in the primordium undergo elongation, a bulge in the parent root appears, and by this time outer cortex cells are undoubtedly mechanically dislocated. The changes in cellular fine structure evident in cells undergoing degradation are not striking until cell shape has already dramatically changed. No cytoplasmic correlates of the onset of degradation, as evidenced by change in cell shape, have been observed in these cells. Further efforts were focused on the cortical parenchyma-primordium interface as a possible locus for movement of a stimulus from the primordium, effecting the death of adjacent cortical parenchyma cells.
Cellular Activities at the Boundary Between Primordium and Cortex
Figs. 14 and 15 are micrographs oriented in the same manner as Figs. 10-13, which include a portion of the outermost primordium cell and some walls from degraded cortical cells. Fig. 14 shows numerous protuberances in the cell membrane that are covered with projecting spokes characteristic of coated vesicles. Coated vesicles are also frequently present in the peripheral cytoplasm (Fig. 11) . The morphology of the coat is similar to that previously described (4, 7), i.e. there is an irregular pentagonal conformation of the ridges on the outside surface of the vesicle unit membrane (inset, Fig. 15 ). Two small pockets of largely degraded cytoplasm are also evident in Fig. 14. A second characteristic of this region is the presence of darkly staining structures within the wall adjacent to cell membranes showing signifi-FIGURE 4 Casparian strip region representing an early stage in endodermnal cell reactivation. At the margins of the Casparian strip, new wall material is being deposited and the close association of the plasma-lemma with the wall in this legion is being eroded. X 80,000. The inset shows another view of this process at higher magnification. X 120,000. 6 Casparian strip region in which new wall material has completely separated the plasmalemma from the Casparian strip on one side only. The other side appears not to be involved. The arrow marks a site where a portion of the plasmalemma has been bypassed (see also Fig. 8 ). X 52,000.
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TEE JOURNAL OF CELL BIOLOGY · VOLUME 40, 1969 FIGURE 7 Casparian strip surrounded by cell walls at the junction of a cross-wall. An intercellular space is developing next to the Casparian strip. X 42,000.
cant coated-vesicle activity (Fig. 10, 11, 14, 15 ). These structures are generally found in only the outer wall of the outermost cell of the primordium. They appear about the time when cortical cell shapes begin to change during early stages of cellular degradation. They are absent or infrequent opposite quiescent regions of the cell membrane. Fig. 15 suggests a connection between coated vesicles and these wall structures; two of these structures are nestled in protuberances of the cell membrane, one of which shows spokes projecting into the cytoplasm The origin of the coated vesicles along the plasmalemma in these cells is unknown. Indications can be found of direct contact (Figs. 16, 17 ) and indirect association (Figs. 17, 18 ) between dictyosomes and coated vesicles, sometimes to suggest a "flow" of vesicles from dictyosomes to other regions of these cells. However, often there are no dictyosomes in proximity to regions of the plasmalemma showing extensive coated-vesicle activity.
If dictyosomes are the source of coated vesicles along the cell membrane, some control of vesicle transport must exist allowing for transport and accumulation of coated vesicles.
Most microtubules in meristematic cells of root primordia are peripherally located in the cytoplasm, unless the cell is undergoing division. Fig.  19 shows a thin wall separating two cells in the outer region of a root primordium. A single microtubule courses in proximity to the plasmalemma. Occasional microtubules were observed deeper within the cytoplasm in nondividing cells. Fig. 20 shows four microtubules in an outer primordium cell which are curving in tandem from the usual peripheral location to the cell interior. Coated vesicles are located at two sites along this array of microtubules (arrows). Furthermore, the microtubule outline adjacent to each coated vesicle exhibits a high stain affinity and a slight discourse. The orientation of these microtubules and their association with coated vesicles suggests 150 THE JOURNAL OF CELL BIOLOGY VOLUME 40, 1969 FIGURE 8 Casparian strip region surrounded by new wall material and threatened by forces of cellular expansion shearing apart the radial wall. Fibrous material is stretched across the intercellular space resulting from this process. A small fragment of plasmalemma isolated within the wall along the Casparian strip is shown at the arrow. X 40,000.
FIGUnE 9 Casparian strip sheared and broken into three parts. Excess wall material at the margin of the figure is cell wall material from degraded cortical parenchyma cells, X 4,000. a pathway from the cell interior to the plasmalemma at the primordium-cortical parenchyma interface.
DISCUSSION
Esau (13) has summarized the evidence concerning the mechanism of lateral root emergence and also the emergence of adventitious roots which arise endogenously. The evidence is insufficient to decide between mechanisms involving mechanical forces and those involving digestive processes. The occasional appearance in light micrographs of spaces between the root primordium and the surrounding cortical parenchyma (see reference 9) has led to the suggestion that cortical parenchyma cells are digested or enzymatically degraded by the advancing root meristem. On the other hand, such spaces may only represent differential shrinkage, resulting from the preparative procedures, between highly vacuolate cortical cells and dense meristematic cells of the root primordium. The alternative view to lateral root protrusion by means of cortical digestion is the hypothesis that root protrusion is achieved mechanically, eventually rupturing the cortical parenchyma and epidermal layer. These two views need not be mutually exclusive. Careful analysis of lateral root protrusion in Convolvulus root segments indicates that the root primordium grows not by forcing out the surrounding cells but by selectively destroying the protoplasm of contiguous cortical cells. The protoplasmic contents of these cells undergo degradative changes culminating in complete disappearance of the protoplasm and central vacuole. Compressed between the growing lateral root meristem and turgid cortical parenchyma cells, the walls of cells being degraded conform to the curve of the advancing lateral root meristem and form an investing mantle.
Since this sequence of events is not normally observed in the cortical parenchyma, the proximity of a lateral root meristem is most likely responsible. Examination of the outermost cells of the root primordium revealed a level of interaction between the plasmalemma and coated vesicles not generally observed in plant tissues. Profiles of coated vesicles were plentiful, as were localized regions of the plasmalemma bearing coats. Such high levels of coated-vesicle activity were characteristic of the cell membrane along the outermost margin of the cell. Other margins of the same cells (i.e. along walls shared with other primordium cells) showed greatly reduced levels of activity, although coated vesicles may always be found in this tissue. Coated vesicles have been linked to cellular membrane systems in a variety of tissues, for example, with the plasmalemma (20) , with the endoplasmic reticulum in diatoms (12) and in rat neural tissue (17) , with dictyosomes in animal (8) and plant (19) tissues, with vesicles derived from dictyosomes (4), and with contractile vacuoles in an alga (18) . The association of coated vesicles with a variety of membranous structures in different cell types supports the hypothesis that their contents and their intracellular channels of movement are related to the activities engaged in by a particular cell. Coated vesicles presumably function to transport proteins within the cell or to direct and facilitate exchange of proteins with the cellular surroundings (see references 11, 20) .
It is this function, known from work with animal tissues, which underlies the supposition that the coated-vesicle activity described in Convolvulus lateral root primordia may be associated with protein transport. The transport of hydrolases by coated vesicles has been verified by Friend and Farquhar (15) . Using rat vas deferens and enzyme histochemistry at the electron microscope level, they showed that acid phosphatase activity is localized in the Golgi complex, coated vesicles, FIGURE 14 Intensive coated-vesicle activity along the plasmnalelnma of the outer prillordiuni cell. Arrow points to one of the ilembrane protuberances which is covered with protrudilng ridges. X 64,000.
FIGUInE 15
The relationship between the coated protuberances and the dark-staining wall structures is shown at higher liagnification. These structures in the wall are also apparent in Figs. 10, 11 , and 14. X 83,000. The arrow in the inset points to a surface view of a coated vesicle. X 56,000.
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TEE JOURNAL OF CELL BIOLOGY · VOLUME 40, 1969 and lysosomes, and that the direction of movement of coated vesicles is from the Golgi apparatus to the lysosomes. They concluded that coated vesicles are the primary lysosomes. deDuve and Wattiaux (10) refer to the Golgi apparatus and the lysosomes as the intracellular digestive apparatus. Those coated vesicles which transport hydrolases should also be included. The channel of transport by coated vesicles described by Friend and Farquhar is homologous to an extracellular transport pathway. The coated vesicles fuse with other vesicles which are lined by membrane derived from the plasmalemma and which contain extracellular components (horseradish peroxidase). Therefore, the transport of hydrolases by coated vesicles should be considered among the secretory activities of dictyosomes.
In the Convolvulus cells examined, the only significant populations of coated vesicles were observed in the vicinity of dictyosomes and along the cell periphery. It is hypothesized that these coated vesicles transport proteins, specifically hydrolases, from the dictyosomes to the cell periphery. As a result of fusion with the plasmalemma, the vesicle contents are released into the cell wall. Discretely staining structures are observed in the wall; in regions of significant membrane activity, there also are significant numbers of structures within the wall. These structures often appear to be directly associated with profiles suggesting previous coatedvesicle fusion, so they probably represent the contents of the vesicles. Because properties of concentrating and packaging materials are attributed to cytoplasmic membranes rather than to cell walls, aggregation of this material in the wall, followed by its movement through the wall to the plasmalemma where it could be imported, is an unlikely pathway. A histochemical study is required to fully assess the role of hydrolases in this tissue.
Using histochemistry at the light microscope level, Gahan and Maple (16) showed that a particulate staining reaction for acid phosphatase subsequently yielded to a dispersed reaction as xylem maturation and cell death ensued. In pea roots, Sutcliffe and Sexton (22) have localized $-glycerophosphatase activity to cortical parenchyma cells adjacent to lateral root primordia. Other cortical cells react negatively in the assay for this enzyme. Sutcliffe and Sexton suggest that mechanical pressure, generated by the growing lateral root, wounds cortical parenchyma cells and results in the appearance of phosphatase activity. That mechanical pressure could account for cortical cell death in Convolvulus roots in such a way seems unlikely. Endogenous bud formation in these roots would generate as much pressure, yet there is no evidence of cell death associated with penetration of buds through cortical parenchyma cells.
In later stages of lateral root formation, a layer of wall material 1-2 kp thick surrounds the primordium. There is no indication of the deeply staining wall structures very far from the cell membrane of the outermost primordium cell. At such stages the enzymes released would have to move across this region to effect adjacent cells; any association of the vesicle contents would probably be somewhat transitory. The likelihood of movement of proteins through stretches of wall materials can be assessed by enzyme histochemistry and radioautography. That proteins synthesized within a cell do move from the cell through the wall and retain activity is evident from the structure and function of digestive glands of insectivorous plants (21) .
Although separate populations of coated vesicles are readily discerned within cells and certainly provide a basis for discussing intracellular transport channels, no structural indications of transport channels controlling vesicle movement have been observed in electron micrographs. Discrete populations of vesicles result from nonrandom distributions; some efficient means controlling movement to sites or stabilization of vesicle populations at sites must exist. Although microtubules FIGUaE 16 Surface view of a dictyosome in an outer primordium cell showing (arrows) two coated vesicles attached to the margin of the cisterna. X 80,000.
FIGUoES 17 and 18 Cross-sections of dictyosomes peripherally located in the cytoplasm. A large number of associated coated vesicles is present in the region between the dictyosome and the cell membrane. Fig. 17 is not of an outer primordial cell. X 70,000. could provide such control, it is disturbing that indications of such a transport pathway were rarely observed. A role in vesicle transport by microtubules has been hypothesized accompanying other events, such as cell division. Bajer (1) has described the elimination of small vesicles from the spindle with Nomarski interference contrast optics. A bundle of a few microtubules may be discerned as a fiber with these optics. Similar movement of vesicles towards the developing cell plate along phragmoplast fibers has been observed (2) . Electron microscope studies are currently underway to determine the nature of the vesicle-microtubule interaction. When further evidence is obtained, the possibilities of microtubular function in coated-vesicle movement, concentration, or fusion can be meaningfully discussed. In summary, it is concluded that lateral root emergence is accompanied by destruction of intervening cortical parenchyma cells. The death of these cells, facilitating lateral root protrusion, may represent an inductive effect initiated and directed by progeny of endodermal cells formed during lateral root development.
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